Fullerene derivatives in which an oligophenylenevinylene (OPV) group is attached to C 60 through a pyrrolidine ring have been prepared by 1,3-dipolar cycloaddition of the azomethine ylides generated in situ from the corresponding aldehydes and sarcosine. Electrochemical and photophysical studies have revealed that ground-state electronic interactions between the covalently bonded OPV moiety and the fullerene sphere are small. The photophysical investigations have also shown that both in dichloromethane and benzonitrile solution an efficient singlet-singlet OPV f C 60 photoinduced energy-transfer process takes place, and occurrence of electron transfer, if any, is by far negligible relative to energy transfer. The C 60 -OPV derivatives have been incorporated in photovoltaic devices, and a photocurrent could be observed showing that photoinduced electron transfer does take place under these conditions. However, the efficiency of the devices is limited by the fact that photoinduced electron transfer from the OPV moiety to the C 60 sphere must compete with an efficient energy transfer. The latter process, as studied in solution, leads to the population of the fullerene lowest singlet excited state, found to lie slightly lower in energy than the charge-separated state expected to yield electron/hole pairs. Thus, only a small part of the absorbed light is able to contribute effectively to the photocurrent.
Introduction
Organic semiconducting materials are currently being intensively investigated in photovoltaic cells with the aim of generating large-area photodetectors 1 and solar cells. 2, 3 The photovoltaic effect involves the production of electrons and holes in a semiconductor device under illumination and their subsequent collection at opposite electrodes. In organic semiconductors, photoabsorption creates bound electron-hole pairsssocalled "excitons"sso that charge collection requires their dissociation. Efficient exciton dissociation often occurs at the interface between the conjugated polymer and the metal electrode due to the different electron affinities and ionization potentials. Since the diffusion length of the excitons in these polymers is in the range of 10 nm, only a small part of the photogenerated pairs will be able to reach the polymer/metal interface and thus contribute to the photocurrent.
Recently, a novel concept for photovoltaic devices, based on interpenetrating blends of donors and acceptors sandwiched between two asymmetric contacts (two metals with different work functions), has been proposed. 2 When the donor is excited, the electron promoted to the lowest unoccupied molecular orbital (LUMO) will lower its energy by moving to the LUMO of the acceptor. Under the influence of the built-in electric field caused by the asymmetric contacts, separation of the opposite charges takes place, with the holes being transported in the donor phase and the electrons in the acceptor. In this way, the blend can be considered as a network of donor-acceptor heterojunctions that allows efficient exciton dissociation and balanced bipolar transport throughout its whole volume. The observation of † E-mail: niereng@ipcms.u-strasbg.fr. Tel: (33) 3 88 10 71 63. Fax: (33) 3 88 10 72 46.
(1) Sariciftci, N. S.; Braun, D.; Zhang, C.; Srdanov, V.; Heeger, A. J.; Stucky, G.; Wudl, F. Appl. Phys. Lett. 1993, 62, 585. Yu, G.; Pakbaz, K.; Heeger, A. J. Appl. Phys. Lett. 1994, 64, 3422. Yu, G.; Wang, J.; McElvain, J.; Heeger, A. J. AdV. Mater. 1998 , 10, 1431 . Mater. 1998, 10, 774. reversible, metastable photoinduced electron transfer from conjugated oligomers and/or polymers to C 60 4 has attracted fair attention in view of its potential application in photovoltaic devices.
The performance of this type of device is very sensitive to the morphology of the blend. Ideally (to ensure efficient exciton dissociation), an acceptor species should be within the exciton diffusion range from any donor species and vice versa. Moreover, both the donor and the acceptor phases should form a bicontinuous microphase separated network to allow bipolar charge transport. However, the donor and acceptor molecules are usually incompatible and tend to undergo uncontrolled macrophase separation. To avoid any problems arising from bad contacts at the junction, we have recently shown that the bicontinuous network can be obtained by chemically linking a hole-conducting oligophenylenevinylene (OPV) moiety to an electron-conducting fullerene subunit. 5 The C 60 -3PV hybrid compound has been incorporated in a photovoltaic cell constructed by spin-casting the compound on a glass substrate covered with indium-tin oxide (ITO) and depositing an aluminum film on top. In such a device configuration, the compound is not only able to generate electrons and holes under light irradiation but it also provides pathways for their subsequent collection at opposite electrodes and a photocurrent is obtained. We now report in more detail the preparative procedures used to obtain C 60 -3PV as well as the synthesis of the corresponding higher homologue C 60 -4PV. We also discuss their electrochemical and excited-state properties in solution using the related OPV derivatives 3PV and 4PV and the fulleropyrrolidine FP as reference compounds. Finally, their incorporation in photovoltaic devices is described.
Results and Discussion
Synthesis. The recent progress in the chemistry of C 60 6 allows the preparation of many covalent C 60 derivatives bearing electroand/or photoactive substituents. [7] [8] [9] [10] Some of these systems provided entry into intramolecular processes such as electron or energy transfer, and C 60 appears to be a particularly interesting electron acceptor in photochemical molecular devices because of its symmetrical shape, its large size, and the properties of its π-electron system. 9 Following the observation of photoinduced electron transfer from conducting oligomers and/or polymers derived from polyphenylenevinylene (PPV) or polythiophene, 4 and the successful preparation of photovoltaic cells from such bulk heterojunction materials, 2,3 a few examples of covalent fullerene derivatives bearing a conjugated oligomer substituent have been synthesized in the past years. 10 As a part of this research, we report here the synthesis of compounds C 60 -3PV and C 60 -4PV. The synthetic approach to prepare those compounds relies upon [3+2] 1,3-dipolar cycloaddition of azomethine ylides to C 60 . 11 This methodology has proven to be very efficient for the functionalization of C 60 due to its versatility and the ready availability of the starting materials. 11 (4) Reaction of 3,5-dihydroxybenzyl alcohol with 1-bromododecane in DMF at 70°C in the presence of K 2 CO 3 yielded 1 in 70% yield (Scheme 1). Subsequent oxidation with MnO 2 in CH 2 -Cl 2 followed by condensation of the resulting benzaldehyde 2 with aniline in refluxing benzene afforded benzaldimine 3 in an overall 80% yield.
Reaction of p-bromobenzaldehyde with 2,2-dimethylpropane-1,3-diol in refluxing benzene in the presence of a catalytic amount of p-toluenesulfonic acid (p-TsOH) gave the protected aldehyde 4 in 95% yield (Scheme 2). Subsequent treatment with an excess of t-BuLi in THF at -78°C followed by quenching with dry DMF afforded aldehyde 5. The reaction of 5 with (4-methylbenzyl)triphenylphosphonium chloride in ethanol in the presence of t-BuOK under Wittig conditions afforded stilbene 6 as an E:Z isomer mixture in a 55:45 ratio. The two isomers could be separated by column chromatography and characterized. The isomerization of the Z isomer to the E was easily achieved by treatment with a catalytic amount of iodine in refluxing toluene. In a preparative procedure, the mixture of isomers obtained from the Wittig reaction was treated without separation with iodine in toluene and the stilbene E-6 was thus obtained in 70% yield. Compound E-6 could also be prepared in two steps from p-methylstyrene and p-bromobenzaldehyde: a Heck type reaction 12 with Pd(OAc) 2 as catalyst in xyleneEt 3 N in the presence of tri-o-tolylphosphine (POT) and subsequent treatment of the resulting aldehyde E-7 with 2,2-dimethylpropane-1,3-diol gave E-6 in a 65% overall yield.
The preparation of the protected trimer 3PV was based on the Siegrist reaction (Scheme 3). 13, 14 Treatment of stilbene E-6 with benzaldimine 3 in the presence of t-BuOK in DMF at 80°C gave 3PV in 91% yield. Subsequent deprotection with CF 3 -CO 2 H in CH 2 Cl 2 /H 2 O afforded aldehyde 8. The 1,3-dipolar cycloaddition 11 of the azomethine ylide generated in situ from 8 and N-methylglycine (sarcosine) in refluxing toluene with C 60 leads to fulleropyrrolidine C 60 -3PV in 43% yield. Thanks to the presence of the two dodecyloxy substituents, compound C 60 -3PV is highly soluble in common organic solvents such as CH 2 Cl 2 , CHCl 3 , toluene, or THF, and complete spectroscopic characterization was easily achieved. The 1 H NMR spectrum of C 60 -3PV in CDCl 3 solution shows all the expected signals. Coupling constants of ca. 17 Hz for the two AB signals corresponding to the two sets of vinylic protons confirmed the E stereochemistry of both double bonds of the OPV moiety in C 60 -3PV. Interestingly, the signals corresponding to some of the protons of the pyrrolidine ring and those of the phenyl group directly attached to it are broad at room temperature. A variabletemperature NMR study showed a clear coalescence at ca. 10°C
, and the reversible narrowing of all these peaks shows that a dynamic effect occurs. 15 This indicates restricted rotation of (12) 
Scheme 3 a a Reagents and conditions: (i) 3, t-BuOK, DMF, 80°C, 1 h, 91%; (ii) CF3CO2H, CH2Cl2, H2O, 5 h, 96%; (iii) C60, sarcosine, toluene, reflux, 16 h, 43%. the phenyl substituent on the pyrrolidine ring, and the activation free energy of the rotation was estimated as ∆G ‡ ) 13 kcal mol -1 by following the coalescence of the aromatic C-H. 15 This result is in good accordance with the data previously reported by F. Langa and co-workers. 15b The 13 C NMR spectrum of C 60 -3PV is in full agreement with its C 1 symmetry resulting from the presence of the asymmetric C atom in the pyrrolidine ring. The structure of C 60 -3PV is also confirmed by FABmass spectroscopy with the molecular ion peak at m/z ) 1426. Reaction of aldehyde 8 with methyl triphenylphosphonium bromide under Wittig conditions yielded 9 in 82% yield (Scheme 4). Subsequent Heck coupling of 9 with p-bromobenzaldehyde with Pd(OAc) 2 as catalyst in xylene-Et 3 N in the presence of POT gave tetramer 10 in 60% yield. Model compound 4PV was obtained in 42% yield from the Wittig reaction between aldehyde 8 and (4-methylbenzyl)triphenylphosphonium chloride in THF in the presence of t-BuOK followed by treatment with iodine in refluxing toluene. The reaction of C 60 with 10 in the presence of an excess of sarcosine in refluxing toluene afforded fulleropyrrolidine C 60 -4PV in 40% yield. The 1 H NMR spectrum of C 60 -4PV shows all the expected signals, and the broadening seen in C 60 -3PV for some of the protons of the pyrrolidine ring and those of the phenyl group directly attached to it is also observed for compound C 60 -4PV. The FAB-mass spectrum of C 60 -4PV shows the expected molecular ion peak at 1528.6 (calculated for C 117 H 77 O 2 N: 1528.6) as well as the characteristic peaks at 807.6 ([M -C 60 ] + ) and 720.0 ([C 60 ] + ) corresponding to the fragmentation.
Model fulleropyrrolidine FP was obtained in 42% yield by treatment of C 60 with benzaldehyde 2 and sarcosine in refluxing toluene (Scheme 5). Restricted rotation of the phenyl substituent on the pyrrolidine ring was also observed for compound FP. As in the case of C 60 -3PV, a variable temperature NMR study showed a clear coalescence at ca. 10°C and the activation free energy of the rotation of the phenyl group was estimated as ∆G ‡ ) 13 kcal mol -1 .
Electrochemistry. The electrochemical properties of compounds C 60 -3PV, C 60 -4PV, 3PV, 4PV, and FP were investigated by cyclic voltammetry (CV) and/or by Osteryoung square wave voltammetry (OSWV). All the experiments were performed at room temperature in o-dichorobenzene solutions, containing tetra-n-butylammonium hexafluorophosphate (0.05 M) as supporting electrolyte, with a glassy carbon as the working electrode, a Pt wire as counter electrode, and a Ag/AgCl as the reference electrode. Potential data for all of the compounds are collected in Table 1 .
The fullerene-OPV derivatives C 60 -3PV and C 60 -4PV show three reversible reduction peaks in the cathodic scan. A chemically irreversible oxidation peak is observed in the anodic scan for fulleropyrrolidine C 60 -3PV. As shown by the comparison with model compounds 3PV and FP, the OPV and fulleropyrrolidine oxidation waves cannot be clearly distinguished because both constituents are oxidized at similar potentials. By comparing the results of fulleropyrrolidine C 60 -4PV with those of the model compound 4PV, the first irreversible oxidation peak observed for C 60 -4PV at 1.193 V vs Ag/AgCl is assigned to the OPV moiety. The second oxidation of the OPV addend cannot be clearly distinguished from the fulleropyrrolidine oxidation. In the case of the OPV model compounds 3PV and 4PV, it was not possible to detect any reduction waves using CV. All of the C 60 derivatives (FP, C 60 -3PV, and C 60 -4PV) essentially retain the cathodic electrochemical pattern of the parent fullerene but the reduction potentials of all of these species are shifted to more negative values when compared to those of pure C 60 . This is the classical behavior observed for most fullerene derivatives, whose cyclic voltammograms are typically characterized by small shifts to more negative potentials as the saturation of a double bond on the C 60 surfaces causes a partial loss of "conjugation". 16 Comparison of the reduction potentials of C 60 -3PV and C 60 -4PV with those of model compound FP shows a small but evident trend. The first three reduction potentials of both C 60 -3PV and C 60 -4PV are slightly shifted to more negative values by 10-14 and 20-32 mV, respectively. In contrast, a slight positive shift was observed for the OPV-based oxidations of both C 60 -3PV and C 60 -4PV by about 40 mV with respect to the corresponding OPV model compounds. These shifts must be a consequence of small electronic interactions between the donating OPV moiety and the accepting C 60 spheroid, resulting in a more difficult oxidation for the OPV group and a more difficult reduction for the C 60 moiety. This is in good agreement with the results recently reported for ferrocenyl fulleropyrrolidines 17 and for dimethylaniline-substituted dithienylethyl fulleropyrrolidines. 10a While CV experiments were unable to detect a fourth reduction wave for C 60 -3PV and C 60 -4PV and no reduction processes at all for 3PV and 4PV, OSWV revealed such processes easily (Figure 1) .
To try to assign these fourth reduction processes as either fullerene-or donor-based, their potentials were carefully compared with those observed for 3PV and 4PV under identical conditions ( Figure 1 ). The reductions observed for 3PV and 4PV occur at -2.005 and -1.956 V, respectively. On the basis of the results observed for FP (fourth reduction at -1.965 V) and for 4PV and on the expectation that the fourth reduction of C 60 -4PV would be cathodically shifted (as the first three are), we feel that the -1.865 V fourth reduction is probably OPVbased. In the case of C 60 -3PV, the situation is not as clear and the fourth reduction process probably contains contributions from both C 60 and OPV moieties, although it is impossible to establish this unequivocally on the basis of the current data. If these assignments are correct, it is interesting to note that the OPV-based reductions for C 60 -3PV and C 60 -4PV are anodically shifted by 58 and 91 mV, respectively, compared with those of the models 3PV and 4PV. This is consistent with the positive shift observed for the OPV-based oxidations due to the electronic interactions between the donating substituted OPV moiety and the accepting C 60 spheroid as discussed above.
Photophysical Properties. The electronic absorption spectra of the reference compounds 3PV, 4PV, and FP in CH 2 Cl 2 solution are reported in Figure 2 . The absorption band of the less extended π-conjugated 3PV system lies at a higher energy relative to 4PV but, interestingly, the molar extinction coefficients are quite comparable in the two cases; these spectra closely resemble those of previously reported unsubstituted oligostyrylarenes in ethanol solution. 18 The absorption spectrum of the fulleropyrrolidine derivative FP in CH 2 Cl 2 displays two very intense bands in the UV and much weaker features in the vis spectral region (Table 2 ). In particular, two band maxima attributable to the lowest (λ max ) 704 nm) and lowest allowed The absorption spectrum of FP is multiplied by a factor of 10 above 400 nm. In the inset, the luminescence spectrum of FP corrected for the detector response is also reported; no correction is required in the spectral region of the OPV derivatives.
(λ max ) 430 nm) singlet transitions are observed. The absorption spectrum of FP is very similar to that of the simpler Nmethylfulleropyrrolidine, which was earlier reported in toluene solution, 11 thus showing modest perturbations induced by the phenylene fragment bound to the pyrrolidine ring.
The absorption spectra of the two-component systems C 60 -3PV and C 60 -4PV are reported in Figure 3 . A comparison with the profiles obtained upon addition of the spectra of the relative component units shows some significant differences. Plain superimposition is observed only above 500 nm, whereas between 400 and 450 nm the experimental spectra are broader. In the UV portion, particularly in the 300-400 nm region, the largest differences are found, with the spectrum of C 60 -3PV being 20% less intense than the sum of its components and that for C 60 -4PV being 25% more intense. At first sight, these results could suggest significant ground-state interactions between the two chromophores, somehow in contrast with the above-mentioned similarity between the spectrum of FP and that of plain N-methylfulleropyrrolidine. However, it is conceivable that the two σ bonds connecting the OPV's and the fullerene lead to a relatively good degree of electronic insulation. Therefore, we tend to attribute the differences between the absorption spectra of C 60 -3PV and C 60 -4PV with the sum of their component units to a peculiar rotameric equilibrium 19 within the OPV moieties in the arrays, also brought about by the cumbersome fullerene fragment. In this regard it is worth pointing out that differences are substantially found only in the spectral absorption region of the OPV fragments. On the other hand, scarce electronic interaction is argued also from the electrochemical properties.
The fluorescence spectra of the reference compounds 3PV, 4PV, and FP in CH 2 Cl 2 solution at 298 K are reported in the inset of Figure 2 . In a CH 2 Cl 2 rigid matrix at 77 K, the spectra of the two OPV's are more resolved and red shifted relative to 298 K, whereas the luminescence decay at λ em ) 470 nm is biexponential for 3PV (τ 1 ) 1.0 ns and τ 2 ) 6.9 ns) and monoexponential for 4PV (τ ) 0.8 ns). This behavior can be rationalized on the basis of a different rotameric equilibrium in the rigid matrix for the two OPV's. 19 3PV and 4PV are potent fluorophores, as expected for OPV systems especially in nonpolar solvents, 18,20 displaying quantum yields of 1.00 and 0.66 at 298 K respectively and an excitedstate lifetime of 1.0 ns in both cases. Thus, radiationless paths contribute to the deactivation of the singlet excited state of 4PV but not of 3PV. This different behavior can be due to various factors. 21 For 4PV, a more extended π-system results in a lower level for the energy of the singlet excited state, which is expected to favor radiationless processes (energy-gap law). 22 Likewise, the more extended geometric relaxations expected for the case of 4PV may promote radiationless processes. 23 Elsewhere it has been reported that remarkable variations of the emission quantum yields are observed by changing the substituents (or simply their location) on the OPV skeleton, 20,23 but this cannot be clearly invoked in the present case. Any attempt to detect phosphorescence from the lowest triplet excited state of 4PV (also by eliminating the prompt fluorescence by time gated techniques) gave no result, as typically observed for OPV derivatives. 18, 24 FP exhibits a fluorescence band with λ max ) 710 nm; its emission quantum yield and excited-state lifetime (Φ em ) 0.00055, τ ) 1.3 ns) are, respectively, slightly higher and remarkably shorter relative to those of methanofullerenes in CH 2 -Cl 2 solution, 24 which implies a higher radiative rate constant k r (k r ) Φ em /τ). The location of the emission band maximum is negligibly affected in the corrected spectrum (Figure 2, inset) a For 3PV and 4PV the fluorescence spectra and quantum yields were obtained upon excitation on their absorption maxima; for OPV's such experimental data can be dependent on the excitation wavelength due to the presence of different rotamers (see ref 19) . For FP, C60-3PV, and C60-4PV the fluorescence spectra and quantum yield values are independent from the excitation wavelength. b λexc ) 337 nm (see Experimental Section).
Figure 3. Absorption spectra of C60-3PV (dotted line) and C60-4PV
(dashed line) in CH2Cl2 at 298 K; above 430 nm they are multiplied by a factor of 10. The full line is the corrected excitation spectra taken at λem ) 710 nm (maximum of the fullerene moiety fluorescence). Inset: fluorescence spectra of C60-3PV (dotted line) and C60-4PV (dashed line) upon preferential excitation of the phenylenevinylene moiety, namely 360 and 385 nm respectively; the full line represents the normalized spectrum of FP, and can be quantitatively compared to the other spectra; for more details see text. methanofullerenes) 25 is identical to that reported for several N-methylfulleropyrrolidines in methycyclohexane, 26 benzene, 27a and toluene. 27b The excitation spectrum of FP taken at λ em ) 710 matches the corresponding absorption profile throughout the UV-vis spectral region, indicating that the lowest singlet ( 1 ππ*) excited state is populated with the same (presumably unitary) efficiency from the upper lying levels. In the rigid matrix at 77 K, the fluorescence band of FP is shifted to 722 nm, whereas no phosphorescence could be detected, as usually happens for fullerene compounds under these conditions. 25 Upon excitation of C 60 -3PV and C 60 -4PV in correspondence to the absorption maxima of the OPV fragments, i.e., 360 and 385 nm, no trace of OPV fluorescence is detected both at 298 and 77 K, under experimental conditions identical to those for the detection of the fluorescence of the OPV's reference compounds. In practice, this means that the luminescence intensity is, if any, less than 1000 times that of the reference compounds. Accordingly, the quenching process of the OPV singlet is expected to occur within 1 ps or less, since the singlet lifetime of the OPV's is 1.0 ns ( Table 2 ). Unfortunately such time scale is well above the resolution of our instrumentation (20 ps).
The fullerene moiety fluorescence is, conversely, still observed. Upon excitation of FP, C 60 -3PV and C 60 -4PV at 550 nm, where only the fullerene fragment absorbs, the emission quantum yields at 298 K are identical (5.5 × 10 -4 ) within the experimental uncertainty. More importantly, such quantum yield values are also obtained upon UV excitation on the absorption maxima of the OPV fragments (i.e., 360 and 385 nm, see above). As pointed out in the discussion of the absorption spectra, in the UV region it is not possible to sort out accurately the amount of light absorbed by each component in C 60 -3PV and C 60 -4PV; however one can safely assert that at least 60% of the light at respectively 360 and 385 nm is addressed to the OPV fragment. Therefore, our results are consistent with the sensitization of the fullerene fluorescence, thus indicating that in CH 2 -Cl 2 a OPV f C 60 photoinduced energy-transfer process occurs. This is confirmed by the corrected excitation spectra ( Figure  3 ) that are very well matched with the absorption profiles in the 300-430 nm region where, with alternating prevalence (see Figure 2 ), both the OPV and the fullerene fragments absorb. Switching to the more polar benzonitrile solvent does not change the result. Again, under these conditions, emission and excitation spectra indicate that photoinduced energy transfer is the only intercomponent process, at least within the experimental uncertainty. 28 By using the luminescence data of the fragments which act as energy donors (3PV and 4PV) and the absorption spectrum of the acceptor, FP, it is possible to draw some conclusions regarding the type of energy transfer mechanism that is operative in our cases. Two mechanisms, the dipole-dipole (Förster) 29 or the double electron exchange (Dexter), 30 may be involved. The possible contribution by the dipole-dipole energy transfer, which is pertinent to singlet-singlet interaction schemes, can be evaluated on the basis of the following equations:
These allow us to obtain estimates for (i) the energy transfer rate constant, k en F , and (ii) the critical transfer radius, R c , i.e., the distance between the fragments for which k en F equalizes the intrinsic deactivation of the donor, k d ) τ -1 . In eqs 1 and 2, Φ and τ are the luminescence quantum yield and lifetime of the donor fragments, 3PV and 4PV (Table 2) , J F ) ∫F(υ j) (υ j)/ υ j 4 dυ j/∫F(υ j) dυ j is the overlap integral between the luminescence spectrum on an energy scale (cm -1 ) of the donor (F(υ j) of 3PV or 4PV) and the absorption spectrum of the acceptor ( (υ j) of FP); J F is 1.4 × 10 -14 and 1.1 × 10 -14 cm 6 mol -1 for the 3PV and 4PV cases, respectively; K 2 is a geometric factor (tentatively taken as 2 / 3 ), N ) 6.02 × 10 23 mol -1 , and n is the refractive index of the solvent. Calculations provided R c ) 35.3 and 31.6 Å for the couples 3PV/FP and 4PV/FP, respectively, and k en F > 10 12 s -1 for d e 10 Å in both cases.
It should be pointed out that these findings are appropriate for a two-center system whose donating and accepting components retain their electronic identity. 31 However, since from the absorption spectra this cannot be assumed for granted (see above), the alternative mechanism for energy transfer, the double-electron exchange Dexter-type transfer, should also be considered. 30 This latter mechanism requires a certain amount of through-bond electronic communication (represented by the electronic coupling term H, see below) and is usually found to be important for triplet-triplet transfers.
We have performed model calculations according to the Dexter approach by evaluating the pertinent spectral overlap, J D , equations (eqs 3-5), with J D ) 1.4 × 10 -4 and 8.0 × 10 -5 cm for the 3PV and 4PV cases, respectively. Estimates of k en D were obtained for H o values ranging from 10 to 100 cm -1 , which correspond to moderately coupled moieties, 32 and by assuming an attenuation factor ) 0.1 Å -1 . 33 d o values ranging from 3 to 10 Å were employed, roughly corresponding to side-to-side and center-to-center geometries, respectively.
We found that the Förster mechanism is mostly effective up to d ) 15 to 20 Å and that an interplay of the two energy transfer mechanisms can only be operative for longer distances or for larger H values; at any rate, energy transfer is always found to predominate over intrinsic deactivation, 
k en D ), and the sensitization step is expected to be quantitative (efficiency > 90%) up to d ) 30 Å.
From the electrochemical data 34 one can locate the energy position of the charge separated states C 60 --3PV + and C 60 --4PV + at 2.01 and 1.86 eV, respectively. The energy position of the lowest singlet excited states of the 3PV and 4PV fragments can be estimated at 3.08 and 2.86 eV, corresponding to the peak of highest energy feature in the 77 K fluorescence spectra. Consequently, in principle, at 298 K photoinduced electron transfer could also occur from the lowest excited singlet state in CH 2 Cl 2 solution, but apparently it does not take place. Of course, given the experimental uncertainty on the emission quantum yields and corrected excitation spectra, we cannot completely rule out a (minor) occurrence of electron transfer but, if any, this is by far negligible relative to energy transfer, i.e., definitely below a 10% efficiency. Finally, no quenching of the fullerene lowest singlet excited state is observed; this is consistent with its low energy content (1.71 eV) which makes impossible both energy and electron transfer quenching (see above). No quenching can be expected also for the lowest fullerene triplet state which is expected to be even lower-lying (Figure 4) , typically around 1.50 eV, as determined by theoretical calculations for some fullerene derivatives. 26, 35 Indeed, the triplet lifetime is found to be unaffected in passing from FP to 3PV and 4PV, i.e. 540 ns and 31 µs in air-equilibrated and deoxygenated solution, respectively.
Incorporation in Photovoltaic Cells. The photovoltaic devices ( Figure 5 ) consist of a metal (Al) contact on the surface of an organic film of the C 60 -OPV derivative on a partially coated ITO glass. The organic layer was prepared by spin coating from chloroform solutions. The surface morphology of C 60 -3PV and C 60 -4PV spin-coated on a solid substrate (mica) have been studied by atomic force microscopy (AFM). The AFM image obtained for a film of C 60 -3PV is shown in Figure  6 and reveals a continuous film with small roughness. The films obtained from C 60 -4PV show a similar surface morphology.
The current-voltage characteristics of ITO/C 60 -3PV/Al devices in dark and under illumination, at λ ) 400 nm with an intensity of 12 mW/cm 2 , are depicted in Figure 7 . Forward bias is defined as positive voltage applied to the ITO electrode. It is known 36 that C 60 can form "quasi-ohmic" contacts with Al and ITO electrodes. Therefore, the relatively high absolute value of the dark current especially in reverse bias (Figure 7 The monochromatic power conversion efficiency of the ITO/ C 60 -3PV/Al and ITO/C 60 -4PV/Al devices are equal to 0.01% and 0.03%, respectively. It is noteworthy that in the case of solar cells made of pure OPV films sandwiched between Al and ITO electrodes, photovoltaic sensitivities and monochromatic energy conversion are typically smaller by 2 orders of magnitude. 4 However, the performances of the ITO/C 60 -3PV/ Al and ITO/C 60 -4PV/Al devices are not as good as that observed for some PPV-based solar cells which consist of bicontinuous networks of internal donor-acceptor heterojunctions. We believe that this lower efficiency could result from the low contribution of the photoinduced electron transfer from the OPV moiety excited state to the C 60 sphere as evidenced in solution by the photophysical investigations. Effectively, the main part of the light energy absorbed by the OPV moieties is conveyed to the fullerene by energy transfer and, since electron transfer from the fullerene lowest singlet excited state is not possible due to its low energy content (Figure 4) , electron/hole pairs could not be generated anymore. Thus, only a small part of the absorbed light is able to contribute effectively to the photocurrent. In addition, the fact that no photovoltaic effect could be detected in the spectral region where only the fullerene unit absorbs is also totally consistent with the results of the photophysical studies. This latest observation is also important since it shows that the electron injection from the fullerene singlet excited state into the ITO electrode cannot result in an effective photocurrent. Therefore, the photovoltaic effect detected in our solar cells when light energy is absorbed by the OPV subunits can also not be the result of a photosensitization effect from the OPV to the fullerene. Thus, as outlined before, the photocurrent must be the result of a photoinduced electron transfer from the OPV moieties excited state to the C 60 spheres followed by electron injection from the resulting fullerene radical anions into one electrode and a hole injection from the resulting OPV radical cations into the other electrode. For both ITO/ C 60 -3PV/Al and ITO/C 60 -4PV/Al devices, the absolute magnitude of the dark current, the photosensitivity, and the opencircuit voltage depend strongly on the device thickness. It should be mentioned also that we use Al as a metal electrode. Typically, the open-circuit voltage and the short-circuit current of organic photovoltaic cells are significantly better when Ca is used instead of Al. 2
Conclusions
Fulleropyrolidine derivatives functionalized with OPV subunits have been synthesized and both electrochemical and photophysical studies in solution have revealed that there are small electronic ground-state interactions between the covalently bonded OPV moiety and the fullerene sphere in C 60 -3PV and C 60 -4PV. The photophysical investigations have shown that, in fluid solution (polar and apolar), an efficient singlet-singlet OPV f C 60 photoinduced energy transfer occurs whereas electron transfer, if any, is a minor process. Photovoltaic cells have been prepared from both C 60 -3PV and C 60 -4PV. A photocurrent has been observed for both ITO/C 60 -3PV/Al and ITO/C 60 -4PV/Al devices showing that photoinduced electron transfer does take place. The results obtained in fluid solution and in the photovoltaic devices seem to be contradictory. However, one has to consider that in the fluid a minor contribution of electron transfer (e5%) can be masked by experimental uncertainties; moreover, the pattern of photoinduced processes can be slightly different in the two environments. Indeed, the efficiencies of the photovoltaic devices are low, namely from 0.01 to 0.03%. We believe that this is a consequence of the prevalence of energy transfer vs electron transfer, thus the main part of the light energy absorbed by the OPV fragment is promptly conveyed to the fullerene lowest singlet excited state, in analogy with the behavior in fluid solution. In turn, the fullerene lowest singlet and triplet excited states cannot yield charge separation, due to their low energy content ( Figure 4) ; thus electron/hole pairs cannot be generated anymore. Therefore, only a small part of the absorbed light is able to contribute effectively to the photocurrent. Nevertheless, the molecular approach to photovoltaic cells for solar energy conversion appears to be promising, since the bicontinuous network obtained by chemically linking the hole-conducting OPV moiety to the electron-conducting fullerene subunit prevents any problems arising from bad contacts at the junction, as observed for OPV/C 60 blends. Furthermore, the behavior of a unique molecule in a photovoltaic cell and the study of its electronic properties allows to obtain easily structure/activity relationships for a better understanding for the photovoltaic system. The light-collecting and energy-conversion efficiencies of the molecular photovoltaic system are not yet optimized, and further improvements could be expected by the utilization of new fullerene derivatives with a strong absorption in the visible range and able to achieve efficient and very fast photoinduced charge separation. Work in this direction is underway in our laboratories.
Experimental Section
General Methods. Reagents and solvents were purchased as reagent grade and used without further purification. All reactions were performed in standard glassware under an inert Ar atmosphere. Evaporation and concentration were done at water aspirator pressure and drying in vacuo at 10 -2 Torr. Column chromatography: silica gel 60 (230-400 mesh, 0.040-0.063 mm) was purchased from E. Merck. Thin layer chromatography (TLC) was performed on glass sheets coated with silica gel 60 F254 purchased from E. Merck, visualization by UV light. Melting points were measured on an electrothermal digital melting point apparatus and are uncorrected. UV/vis spectra (λmax in nm ( )) were measured on a Hitachi U-3000 spectrophotometer. IR spectra (cm -1 ) were measured on an ATI Mattson Genesis Series FTIR instrument. NMR spectra were recorded on a Bruker AC 200 (200 MHz) or a Bruker AM 400 (400 MHz) with solvent peaks as reference. FAB-mass spectra (m/z; % relative intensity) were taken on a ZA HF instrument with 4-nitrobenzyl alcohol as matrix. Elemental analyses were performed by the analytical service at the Institut Charles Sadron (Strasbourg, France).
3,5-Didodecyloxybenzyl Alcohol (1). A mixture of 3,5-dihydroxybenzyl alcohol (15.0 g, 108 mmol), K2CO3 (62.7 g, 453 mmol), and 1-bromododecane (56.84 g, 228 mmol) in DMF (220 mL) was heated at 70°C for 48 h. After cooling, the resulting mixture was filtered and evaporated to dryness. The brown residue was taken up in CH2Cl2. The organic layer was washed with a saturated aqueous NaCl solution and then with water, dried (MgSO4), filtered, and evaporated to dryness. Recrystallization from hexane yielded 1 (36. 100.52, 68.03, 65.44, 31.90, 29.58, 29.36, 29.24, 26.02, 22.67, 14 .09. Anal. Calcd for C31H56O3 (476.8): C 78.09, H 11.84. Found: C 78.09, H 12.04.
3,5-Didodecyloxybenzaldehyde (2). A mixture of 1 (6.5 g, 13.6 mmol) and MnO2 (30 g) in CH2Cl2 (250 mL) was stirred at room temperature for 1 h. After addition of MgSO4 (30 g), the mixture was filtered and the filtrate evaporated to dryness. Column chromatography (SiO2, CH2Cl2/hexane 1:1) gave 2 (5.70 g, 90%) as colorless crystals (mp 39°C). 1 H NMR (200 MHz, CDCl3): 9.71 (s, 1 H), 6.99 (d, J ) 2 Hz, 2 H), 6.70 (t, J ) 2 Hz, 1 H), 3.99 (t, J ) 6.5 Hz, 4 H), 1.80 (m, 4 H), 1.50-1.20 (m, 36 H) , 0.90 (t, J ) 6.5 Hz, 6 H). 13 C NMR (50 MHz, CDCl3): 192.02, 160.71, 138.28, 107.95, 107.52, 68.38, 31.90, 29.63, 29.57, 29.34, 29.12, 25.99, 22.67, 14.09 .
(E)-N-Phenyl-3,5-didodecyloxybenzaldimine (3). A solution of 2 (6.3 g, 13.4 mmol) and aniline (1.34 mL, 14.7 mmol) in benzene (100 mL) was refluxed for 24 h using a Dean-Stark trap. After cooling, the solution was evaporated to dryness and recrystallization from EtOH yielded 3 (6.61 g, 90%) as colorless crystals (mp 39°C). 1 H NMR (200 MHz, CDCl3): 8.35 (s, 1 H), 7.44-7.18 (m, 5 H), 7.04 (d, J ) 2 Hz, 2 H), 6.58 (t, J ) 2 Hz, 1 H), 3.99 (t, J ) 6.5 Hz, 4 H), 1.80 (m, 4 H), 1.50-1.20 (m, 36 H) , 0.90 (t, J ) 6.5 Hz, 6 H). 13 C NMR (50 MHz, CDCl3): 160.52, 160.43, 151.97, 138.02, 129.08, 125.86, 120.82, 106.84, 104.95, 68.21, 31.90, 29.61, 29.36, 29.21, 26.02, 22.67, 14 .10.
1-Bromo-4-(4,4-dimethyl-2,6-dioxan-1-yl)benzene (4). A solution of p-bromobenzaldehyde (15 g, 81 mmol), 2,2-dimethylpropane-1,3-diol (16.88 g, 162 mmol), and p-TsOH (50 mg) in benzene (100 mL) was refluxed for 24 h using a Dean-Stark trap. After cooling, the solution was evaporated to dryness and column chromatography (SiO2, hexane/CH2Cl2 7:3) gave 4 (20.8 g, 95%) as colorless crystals (mp 62°C 4-(4,4-Dimethyl-2,6-dioxan-1-yl)benzaldehyde (5). A 1.5 M solution of t-BuLi in hexane (72 mL, 108 mmol) was slowly added to a degassed solution of 4 (13.3 g, 49 mmol) in dry THF (130 mL) at -78°C under Ar. After 30 min at -78°C, the solution was allowed to warm to 0°C (over 1 h) and cooled again to -78°C. Dry DMF (7.6 mL, 98 mmol) was then added and the resulting mixture allowed to warm to 0°C (over 1 h). An aqueous 1 M HCl solution (60 mL) was added and the mixture was concentrated. The aqueous layer was extracted twice with CH2Cl2. The combined organic layers were washed with water, dried (MgSO4), and evaporated to dryness. Column chromatography (SiO2, hexane/CH2Cl2 7:3) gave 5 (10.5 g, 98%) as colorless crystals (mp 65°C). 1 H NMR (200 MHz, CDCl3): 9.59 (s, 1H), 7.90 (d, J ) 9 Hz, 2 H), 7.67 (d, J ) 9 Hz, 2 H), 5.45 (s, 1 H), 3.74 (AB, J ) 10.5 Hz, 4 H), 1.29 (s, 3 H), 0.82 (s, 3 H). 13 C NMR (50 MHz, CDCl3): δ 192.06, 144.54, 136.62, 129.74, 126.91, 100.71, 77.66, 53.41, 30.27, 22.99, 21.84 .
(Z)-1-[4-(4,4-Dimethyl-2,6-dioxan-1-yl)phenyl]-2-(4-methylphenyl)ethene (Z-6) and (E)-1-[4-(4,4-Dimethyl-2,6-dioxan-1-yl)phenyl]-2-(4-methylphenyl)ethene (E-6). A mixture of 5 (5.0 g, 22.6 mmol), (4-methylbenzyl)triphenylphosphonium chloride (9.14 g, 22.6 mmol), and t-BuOK (2.94 g, 24.9 mmol) in EtOH (30 mL) was stirred at room temperature for 1 h under Ar. A saturated aqueous NH4Cl solution was then added and the mixture concentrated. The aqueous layer was extracted twice with CH2Cl2. The combined organic layers were washed with water and dried (MgSO4) and evaporated to dryness. Column chromatography (SiO2, hexane/CH2Cl2 6:4) gave 6 as an E:Z isomer mixture in a 55:45 ratio. Both isomers could be isolated in a pure form by column chromatography on SiO2 and characterized. In a preparative procedure, the E:Z mixture obtained after the first chromatographic purification was directly isomerized as follows: a solution of the E:Z mixture and I2 (100 mg) in toluene was refluxed for 12 h and then cooled to room temperature. The resulting toluene solution was washed with an aqueous 0.3 M Na2S2O6 solution and water, dried (MgSO4), filtered, and evaporated to dryness. Column chromatography (SiO2, hexane/CH2Cl2 6:4) gave E-6 (4.9 g, 70% from 5). Z-6. 
